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chemisorS the f u e l  cas spec ies  over the reac t ion  products so  as  t o  
l i r A t  self ooisonin?. 

?ydl.O :en 

The cb.eoisoT2tion of hydrogen, p a r t i c u l a r l y  on metal surfaces,  
has been stuciiea nore ex tens ive ly  than other  f u e l  gases. A t  n o m d  ten- 
zeratUres, ckernisorntion of t h e  t p e  recfiired f o r  high c a t a l y t i c  a c t i v i t y  
in7;olves a p s r t i a l l y  c o v d e n t  surface bond betxeea hydrogen atoms and t he  
- d e l ec t rons  of the  metal. Thus, the general  roauirement f o r  high 
ca t .a iy t ic  ac t iv i t j -  o f  a me2C i n  sixple gas reaczions of hydrogen is tnat 
i t  7ossesses d hand vacancies. Th;s  l i n i t s  t h s  ac t ive  metal c a t a l y s t s  t o  
the  t r a n s i t i o n  demen t s ,  al thouzh not  a l l  of t h e  t r a n s i t i o n  metals a r e  
ac t ive  cat&rsts even thocgh they chemisorb hjdrogen. Tie e a r l y  members 
of t!ie t r a n s i t i o n  s e r i e s ,  which have vacancies i n  both the  first and 
second sub-bands, charcisorb hyurogen s t rong ly  and are n o t  p a r t i c u l a r l y  

t r m s i t i o r ?  se r i e s ,  rh i ch  have vac2mcies on ly  in t h e  second sub-band, 

- 

,.o'3(: ca'-l-- L ~ , ~ s t s  i n  hydrogen reac t ions .  The l a t e r  ::!embers of t he  t h e e  

lowest hea ts  of chexisorption a t  t h e  sur face  coverazes 
heterossnsous reac t ions ,  and are  r e c o p i z e d  as hig:dy ac t ive  

o r  hyriogen reac t ions .  T h w ,  it xould a3pear t h a t  t h e  nos t  
ac=i-re. rnetzl ca t a lys t s  f o r  f i e 1  c e l l  s lecwode  reacLions where hydrogen 
95 th; fuel gas s?:o.llC: be seleczed from those t r m s i t i o n  metals with A- 
':mn6 vocanciss 0rii.y in tiie second ab-hnd- e.g. the  eroup VI11 metals. 

Conf ima t i r ?  f o r  t h e  vi_ei,rs s t a t a a  above i s  given by Ticyre 1 
+ e r e  t h s  open c i r c u i t  o o t e n t i s l s  f o r  t he  erdrogen ha l f - ce l l  a r e  p lo t t ed  
2s a fcnot ion  of t h e  anproximate nlmker of  &kana vacancies of the 5d 

e lec t rode .  These data :.rere obtzifiee v i t h  a low tenpera ture  f u e l  c e l l  
( 2702)  ~ . T L ~ : Q ~ E  an aq?:eoLis SOCSIJZ hydroxide e l e c t r o l y k  and 3oro1is 
:ra??.ite e lec t rodes  which ;;:ere impregnated erith t:n.e xetal ca t a lys t s .  
r e n e r d  t ne  c a s l y t i c  ac t iv i5 i e s  of t he  metals aopear t o  p a r a l l e l  their  
@?en c i r c c i t  x t e n t i a l s  e.g. a swill f r e e  enercj- l o s s  due t o  chevisorption 
z;en?rGlg i x s l i e s  a high c a t a l y E c  ac t iv i ty .  T s t en  and r h e n i m  both 

c.. a c n s i t i o n  metals w d  t h e i r  a l loys  when used as c a t a l : j s t s  a t  t h e  hycGogen 

- .  
In 

e ly  low 038: c i r c u i t  po ten t i a l s  and 

c u i t  half c e i l  rJotsntia1 of osxiur?. i s  in t e rned ia t e  be t  
5 an6 DlatinuT axd i r i d i m .  'The d loys o f  ? l a t i n u n - i r i a l m  

As t i e  vscancies i n  t h e  d Sand of ?latir.?m a r e  f i l l e d - b  t h e  s 

gh hea t s  of  chekso rp t ion .  
q u i t e  r,rob;'.lj rheniurn have v a c a x  ir. t h e  f i r s t  d su3-band. - 

annear t o  exhib i t  2 r,axirnv i n  ca td? f i i c  a c t i v i t y  at about one d band 
vaculcy. 
e lnc t rons  o f  g o l a  upon alloying, tYie f u e l  c e l l  p o t e n t i d  decreases sharp ly  
u n t i l  tte 6J5 Ax 
remain r e i a t i v e l y  constant.  

LO:; F t  a l l o y  a f t e r  which t h e  p o t e n t i a l  appears t o  

Tahle I l i s t s  the  open c i r c v i t ,  hydrogen h a l f - c e l l  po ten t i a l s  
f o r  the gm? VI11 t r a n s i t i o n  metals-and the neighboring IS metals. The 
saze trend in cat&:tic a c t i v i t y  i s  observed i n  t h e  th ree  t r a n s i t i o n  
s e r i e s ,  t h e  ?o ten t i a l  reaching 2 m a i m u n  between the  l a s t  t m  t r a n s i t i o n  
metals and f a l l i n g  sha rp ly  f o r  t h e  following I5 netal .  The i r r eve r s ib l e  
Cree energy l o s s  i n  chemisorption is  l a r g e r  f o r  t h e  .group VI11 metals o f  
t he  f i r s t  s e r i e s  (Fey Co, Ni) than f o r  t h e  metals 
se r i e s .  
?oisoning by impurity gases such as sulLfur comounds. 

t he  second and t h i r d  
Also, these  metals of t h e  first serLes a r e  more suscept ib le  t o  

?latinurn and 



Falladium are probably the  t e s t  c a t a l y s t s  f o r  hydrogen e lec t rodes  in 
fue l  gas c e l l s .  
a l l oys  of cer ta in  of %!lese metals t he  s l i g h t  increase  i n  po ten t i a l  over 
the pure metals m u l d  ?robably n o t  j u s t i f y  the  d i f f i c u l t i e s  of d l l o ~ i h g  
i n  commercial p rac t ice .  

Although, a nnaximm i n  a c t i v i t y  i s  obtained w5th 

Table I 

OPEN CIRXJIT f f L 9 3 C G d l  HiLF CELL ?CT3,.ITIffiS FO9 
GSCUP V I I I  ilVD Ib LXAL CA?.&YSTS 

Fe 
533 

Flu 
7ho 

os. 
603 

co  
703  

Rh 
703 

Ir 
733 

\ .  !I1 
693 

7h3 

753 

Pd 

P t  

cu 
323 

Ag 
2113 

iU 
263 

. The r e s u l t s  given i n  Table I f o r  l o w  temperature fuel c e l l s ,  
using aqueous h?ydrofiae e l ec t ro ly t e ,  i n  general  +re pa ra l l e l ed  by high 
temperature c e l l s  en9loying molten salt e l ec t ro ly t e s ,  although the  
f r ee  e n e r g y l o s s  on cher i soro t ion  of ten  decreases with increas ing  tem- 
pera ture  and consequently is  of less importance. 
palladium and p l a t i n m  c a t a l y s t s  give higher open c i r c u i t  po ten t i a l s  
with hydrogen as  a f u e l  gas t'nan does n i cke l ,  i ron ,  e t c .  i n  a v a r i e t y  
3f molten s a l t  e l ec t ro ly t e s .  A t  r e l a t i v e l y  high temperatures (Ca 500- 
800°C) t h e  nature of t he  hydrogen chemisorption changes f o r  sev-ral  of 
tna gmur, VIII xe ta l s .  
bonds with the metal. 
uoisoned by being heated LO a high temperature and then cooled i n  
hycirogen. 
h:idroaen on t h e  surface tibich i s  not  a c t i v e  i n  the  e lec t rode  reac t ion  
s ince  t h e  a c t i v i t y  of t h e  caca lys t  can be r e s to red  by heating a id  
cooling i n  helilm. 

For example, 

i;uite probably, hydrogen forms 2 2 2 hybrid 
Indeed, in  some cases t'ne c a t a l y s t  can be 

Presudol:r, t h i s  leaves a s t rongly  bonded form o f  chenisorbed 

Acetylene and Ethylene 

The c a t a l y t i c  a c t i v i t i e s  of the  pour)  VI11 and I b  metals i n  
the  oxida t ion  o f  ethylene and ace ty lene  i n  a fuel c e l l  anuear t o  be 
s imi l a r  t o  t h e i r  a c t i v i t i e s  wtth hydrogen, i .e.  a high ca t a iys t  a c t i v i t y  
i s  favored  S y  vacmxies  in t'ce d band of the metal. Sowever, these 
r eac t ion  systems are fusldzrentzIly nore comlex  than those of  t h e  
hy2rogen c e l l .  
by txo  f ac to r s  (i) the  r.ature of the cherisorbed complex, which is  i n  
doubt, since e i t h e r  carbon-carbon o r  carbon-hydrogen bonds mag be broken 
i n  chemisorption and (ii) t h e  amount of self-kpirogenation a t  t he  surface.  

The reac t ions  which occur a t  the anode are  complicated 

' 
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m, ine  r e x t i o n  sur - ies  may be a l i k e  in scme ins tances  s ince  the  f u e l  c e l l  
po ten t i a l s ,  for both ethylene and acetylene on c e r t a i n  ca t a lys t s ,  a r e  
very similar. 

The fue l  c e l l  emplojred f o r  s tud ie s  o f  acetylene and ethylene 
was s imi l a r  t o  the c e l l  used f o r  hydrogen except t h a t  t he  e lec t ro l j%e 
was a h2;; aqusous so lu t ion  of K CO . The r eac t ive  spec ies  i n  so lu t ion  
may be e i ther  t h e  carbonate ion: dca rbona te  ion,  o r  t he  hydroxyl ion. 
A l l  t h r e e  ions  are' present i n  the  so lu t ion  i? reasonable ,  concentrations.  
Pr-1-binary cmer inen t s ,  horr?vcr, a?pear t o  f a o r  t h e  bicarbonate ion. 
i n e  nroducts of the  reac t ion  at t h e  f v e l  e lec t rode  are i n  doubt, but 
f i r s t  aqalyses seened tc i nd ica t e  the  Dresence of  a l d e h y k s  and carbon 
i iox ide .  

n. 

The most ac t ive  ca t a lys t s  a x n g  the  metals s tud ied  a r e  the  
croup VI11 n e t a l s  o f  the first t r a m i t i o n  s e r i e s  along with p a l l a d i m  
,md i r id ium a s  i l l u s t r a t e d  i n  Tabla II. 

T 3 - k  11 

Cell Poten t i a l  ( n i l l i v o l t s )  
& t a l  Ztk>-lene Acetylene 

7'dG 790 
cc 675 715 
* ._  l i  i 605 595 
c,u h1O I475 

Ru L75 

-- 
< G  

535 
705 
OS5 

0 s 
Ir 
3 + 
.iU 
I "  

1125 
010 
380 
l?O 

570 
625 
570 
165 

?ne n3im7m i n  c a t a l y t i c  a c t i v i t y  a 3 ~ e a r s  at  a d i f f e r e n t  c l a c e  i n  each 
t r a n s i t i o n  se r i e s .  
activit ;r ,  u'e i n  g e m r a l  3001 caza lys t s  f o r  t hese  reac t ions .  

The :-rou? Is ne ta l s ,  al though possessing some 

The ca ia l j - t i c  a c t i v i t i e s  of these metals Li t h e  et%ilene and 
acetylene oxidation r eac t ions  a% the  anode a r e  qu i t e  s e n s i t i v e  to  the 
s t a t e  of t'ne c a t a l g s t  surface a s  was the case with h:virogen. T n i s  i s  
emec ia l ly  t r u e  fo r  t h e  group VI11 ana I b  metals of t he  2nd and 3rd 
t r a n s i t i o n  se r i e s .  I f ,  after Rduc t ion ,  these  metals are  exposed t o  
the  atnosphere only momentarily t h e i r  c a t a l y t i c  a c t i v i t y  i s  decreased 

I 
- 7  

k 
b 
E 
J 

P 
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considerably. This i s  i l l u s t r a t e d  in Figure 2 where the  lower curves 
r emesen t  c a t a l p t s  wi th  su r face  oxides. Although t h e  members of t he  
f i r s t  t r ans i t i on  s e r i e s  a re  suscep t ib l e  t o  oxjgen poisoning t h e  e f f e c t  
on c a t a l y t i c  a c t i v i t y  i s  much l e s s  accentuated. 

The m o s t  a c t ive  c a t a l y s t s  a r e  oroduced b y  ' i n  s i t u '  reductions 
where t h e  surface,  a f t e r  reduction,' i s  not emosed t o  the atmosnhere but 
remains constantly under hvcrogen ' u n t i l  t h e  electrode-electYolfle 
contac t  i s  made. 

As in the case  f o r  hydrogen, a low heat of chemisorgtion i n  
e i t h e r  ethylene o r  acetylene ?dl1 mirimize the  i r r eve r s ib l e  f r e e  energy 
loss a t  t h e  fuel e lec t rode  ana, hence, produce a higher po ten t i a l  i n  -che 
fuel  c e l l .  Tnere are two f a c t o r s  rqhich determine the heat of ciier5- 
so rp t ion  of eth;rlene and acetylene: 
atomic d i s tv l ces  i n  t h e  c a t a l j s t  l a t t i c e ,  anu ( i i )  an e l ec t r cn ic  fac tor .  
The most favorable in te ra tomic  d is tance ,  f o r  ethylene hydrogenation, 
according t o  3eeck (?), i s  3.75 8 a s  observed in catalyst a c t i v i t y  in 
ethylene hydrogenation reac t ions .  Our r e s u l t s  can ne i the r  support nor 
r e fu t e  t h i s ,  s ince  t h e  c r y s t a l  planes exposed a re  not  known and, thus,  
the  more ac t ive  spacings cv lnot  be predicted. 
f a c t o r  i s  t h e  e lec t ronic  cha rac t e r  o f  t he  ca t a lys t .  Our r e s u l t s  and t h e  
r e s u l t s  of o ther  i nves t iga to r s  support  t h i s  view (1O). Only t r ans i t i on  
metals or near tran.sit ion m e t a s  ca ta lyze  these  reac t ions .  Although 
sur face  reac-cions of  ace ty isne  have been inves t iga ted  only t o  a l imi t ed  
ex ten t ,  the  r e s u l t s  o f  t h i s  paper i nd ica t e  they fo l low a pa t t e rn  similar 
t o  t h a t  of ethylene. 

( i )  a geometric Eactor, i.e., i n t e r -  

Probably t h e  oiore important 

The s l igh t  a c t i v i t y  shown b y  the Ib metals i n  these  reac t ions  
can be a t t r i bu ted  t o  e i t h e r  t h e i r  m a l l  i-5 e lec t ron  pronotion energies 
(ll), which give rise t o  vacancies i n  the  _d band o r b  bonding by t he  
metals t o  these rr.olecules which can be  achieved by a rearrangement of 
the  n e t a l l i c  o r b i t a l  toget'ner with t h e  formation of a bond by overlap 
of t he  f i l l e d  - d-orb i ta l s  w i t h  Kke anntibonding o r b i t a l s  of  t h e  adsorba te( l2) .  

Carbon !ionoxice 

T:le sane tyoe of  f ue l  c e l l  was used f o r  s tud ie s  on carbon 
monodde as  with ethylene and ace ty lene ,  Xie e l e c t r o l y t e  being a 
aqueous K CO solution. 2 3  

The cazal;fiic a c t i v i t i e s  o f  the  t r a n s i t i o n  metals inves t iga ted  
in this c e l l  f o r  the ariodic oxida t ion  of carbon monoxide are  shown in 
Table 111. 
n e t a l  casa lys t s  a r e  small w i th  the  exceation of Palladium which appears 
t o  be t h e  m o s t  ac t ive  c a t a l y s t  f o r  $he reac t ion .  The a c t i v i t i e s  of t h e  
Ib metals are low as f o r  the fuel gases  previously mentioned. 
i nd ice t e  the  necess i ty  o f  vacancies i n  the  i band of the  metal ca t a lys t s  
f o r  a hi& ac t iv i ty .  

The va r i a t ion  i n  t h e  half  c e l l  po ten t i a l  &Tong t h e  t r a m i t i o n  

This would 

The chemisoqt ion  o f  carbon nonoxide may take  d a c e  by a number 
of d i f f e r e n t  mechanisms. 
i t  chemisorb  with a one s i t e  attachment forming a sur face  l a y e r  similar 

On c e r t a i n  metals, such as palladium and platinum, 
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3 

Fe co Ii i 
- LL0 L45 

L75 545 0 2s  
3.U Rh Pd 

os Ir 
5 20 5'10 

P t  
5L5 

i n  sti-iicture to t k  ?et21 carbonyls, i.e., i,. = C = 0 (13). 
.iode of clie;nisor?tion i s  a two 3 i t z  sorption :+%tb the carbon nonoxiae 
coxolaxes covering tm surface s i t e s  as ind ica te& i n  the  following 
diasrsns  ( l h ) .  

The second 

Two s i t e  chc i r i soe t ion  orobzhly k k e s  ? lace  on rhod im (13) i n  t n i s  
mnner. The t x o  t p e s  of two s i t e  mec'nmisns cannoi  be d i f f e ren t i a t ed  
s;rxe t h e  l a t t i c e  gsornatr j i  reQuireu ir. t h e  metals f o r  chznisorution 

q : i t e  na rmu  lirrits, othenri;se, t h e  vzlsnce an$es ~ a i ~ l d  be 
ive  . A i l i  o? tiie t i a n s i t i o n  n e  < A s  stucisr;  n r o b s j l j  emose 

c r y s t 2 1  alaiies 5.zitable f o r  b o t h  niecb2risir.s. 

Assin the  a c t i v i t i e s  of the  Ib x e t d s  nay be due to the  small  
en.r?ies r?+red f o r  d-s e lec t ron  pronot ion.  - -  

The genera l  reqGirzxents of a c a t a l y s t  a t  the o,vgen e l ec tmde  
of a fue l   as c e l l  a?? e s s e n t i a l l y  the sane as for t h a  f u e l  e lec t rode  
c a t a l y s t  e:iceot t h a t  negative ion  formation is  t h e  process under con- 
s idera t ion .  In  c e l l s  en?lojring aqueous hydro-ede electroly-kes, the 
oxyzcn m s t  be chemisorbed i n  such a menner a s  -GO l ead  t o  Ynne r an id  
forxa t ion  of ?erofLde and hy?,roxiae ions i n  the 3resence of water. A 
f u r t h e r  role of t'ne ca t a lys t  i n  %;his case i s  +a a i d  i x  t h e  deconposition 
of  t h e  peroxide. 

The most. ac t ive  ca-calysts, am0r.g those inves t iga ted ,  f o r  t h e  
e lec t rode  reac t ion  of the  oxygen ha l f - ca l l  i n  aqueous hydroxide 
e l ec t ro ly t a s  a r e  th -  oxides of the grou? 1'0 netds: 
an4 gold. 

copper, s i l v e r ,  
Copper and s i l v e r  oNdes  a r e  h o m  t o  be ac t ive  oxidation 

. . -. .- . .. . . . . . .. . . . . . . . . . . . 
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c a t a l y s t s  (e.g. they m s t  cheniisorb oxygen in 2 sca te  t h a t  w i l l  readily 
t ake  p a r t  in oxidation r eac t ions )  and t h e i r  ?resence ?resmabl:j  also 
Fromotes decomposition of peroxide ions forred under cur ren t  drain. 
Gold f i lms ,  however, have jeer! r e p o n e d  t o  be i-nert toward the cheipi- 
s o n t i o n  o f  oxygen u? t o  Cop_ (15). P o s s i j i y  0' ions =e f m e d  on the  
gold surface as an intermediate s t e p  i n  the  r e L C t i o n  or' o q e n .  Such 
a species,  i f  present i n  m.all amounts, migh t  n o t  be de tec ted  in cheiri- 
so rp t ion  eGerirnents s ince  it wodd be r e a d i i j  renoved from the  surface 
on outgassing. ?ne a c t i v i t i e s  of the ro metal o-ddes a r e  i n  t h e  order: 
couper s i l v e r  gold. 

Coba l t  and r i c k e l  oxides possess an acc iv i ty  only  slighz.1;- 
g rea t e r  than unactivated g r a ~ ~ h i t e  which nay ind ica t e  That these  m w l s  
are e s s e n t i a l l y  inac t ive ;  while i r o n  oxide has a reasonable ac t iv i ty .  
The open c i r c u i t  h a i f - c e l l  3 o t e n t i a l s  f o r  the ?d t r a n s i t i o n  oxides a d  
oxides of cobalt-nickel axd rickel-copper alloys a re  shorn Le 7 i w e  3 .  
As co?uer i s  added t o  n i c k e l ,  a slight increase  ia po-centlal stands a f t e r  
t he  60% copuer- LO$ nicke l  a i loy  (oxide) is reached a d  then a rap id  
increase  is observed a s  ?ure copper oxide is  approached. 4 si~ri lar 
behavior is found f o r  palladium-sil-rer a i l o y s  (oxides)  in the hd 
t r a n s i t i o n  ser ies .  

The a c t i v i t y  of oxides as c a t a l y s t s  a t  t h e  o v g e n  e leccmce 
rnay be var ied  considerably b;s the in t roduct ion  of 2 defec t  structk-e.  
It i s  n e l l ~ h o v r n  t h a t  heterogeneous r eac t ions  proceeding by negative 
i o n  formation c a  be profoundly a l t e r e d  by the defect s t a t e  o f  t h e  
c a t a l y s t  surface. 

ACiCNO'>mxlmT 
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